When chromatin is photoreacted with psoralen, crosslinks occur preferentially in the linker DNA between nucleosomes. The pattern of these crosslinks can be analysed by exonuclease digestion of random DNA fragments, since the exonucleases tested stop at sites of psoralen-crosslinks. Further digestion of these fragments with Sl-nuclease leads to DNA fragments of nucleosomal and polynucleosomal size, which presumably carry psoralencrosslinks at both ends. This method of analysis of chromatin structure complements the classical micrococcal nuclease digestion analysis, since it can be performed in vitro as well as in vivo, and since it is independent of pH and ionic conditions.
INTRODUCTION
It has been shown that treatment of cells, isolated nuclei or soluble chromatin with psoralen derivatives and long wave length ultraviolet (UV) irradiation leads to crosslinks in the DNA which are preferentially located in the linker between nucleosomes (1). Even under saturating conditions of psoralencrosslinking the structure of soluble rat liver chromatin appears to remain undisturbed to a large extent as judged by micrococcal nuclease digestion and electron microscopy (2) . These conditions of crosslinking appeared to be powerful in mapping, at the level of the purified DNA, the active extrachromosomal ribosomal chromatin in rapidly growing Dictyostelium discoideum and Physarum polycephalum cells (3, 4) . The transcribed regions appear to be mostly devoid of nucleosomes (3, 5) in contrast to the adjacent non-transcribed spacer. Moreover, this technique also allowed the analysis of in vivo transcribing SV40 minichromosomes (5) . The results suggested that in this system transcription through nucleosome-like particles is possible. On the other hand, the same technique used for analysis of in vivo replicating SV40 minichromosomes indicated that the nucleosome in front of the replication fork dissociates and reassociates randomly on one of the newly synthezised daughter strands (6) .
In the work reported above the analysis of the crosslinking pattern in the DNA was mainly performed by electron microscopy and therefore was restricted to gene systems which can be purified, like nucleoli or SV40 minichromosomes. However, psoralen crosslinks can be reversed by irradiation with short wave length UV light and psoralen-crosslinked DNA fragments, after reversal of the crosslinks, can be detected with radioactive hybridization probes on Southern blots (3, 4) . We have therefore developed a procedure to analyze the psoralencrosslinking pattern by gel electrophoresis. Exonucleases appear to stop at sites of crosslinks, so after extensive digestion of random fragments of psoralen-crosslinked chromatin DNA with exonuclease and Si nuclease, fragments are produced which are of nucleosomal and of polynucleosomal size.
MATERIALS AND METHODS
Standard buffers 5 mM triethanolamine chloride at pH 7 or pH 8, 0.2 #1 EDTA is called "0 mM", pH 7 or pH 8, respectively. 5 mM diethanolamine chloride at pH 9 or pH 10, 0.2 mM EDTA is called "0 mM", pH 9 or pH 10, respectively. "0 mM" buffers at pH 7 or pH 8 or pH 9 or pH 10 containing 10 mM NaCl, or 40 mM NaCl or 100 mM NaCl are called "10 mM", "40 mM", "100 mM", pH 7 or pH 8 or pH 9 or pH 10, respectively. Isolation of nuclei and preparation of chromatin Nuclei of rat liver were prepared as described by Hewish & Burgoyne (7) . Preparation of soluble chromatin and of Hl-depleted chromatin were performed according to Thoma et al. (8) .
Psoralen crosslinking
Chromatin samples (1.5 -3 0D_ 6( ./ml) were first dialyzed for 4 h against "10 mM", pH 7 buffer. Aliquots were then dialyzed against "0 mM" or 10 mM" or 40 mM" or "100 mM", pH 7, or pH 8, or pH 9, or pH 10. The buffers contained 0.1 mM PMSF (phenylmethane-sulphonylfluoride). Dialysis was at 4°C for 20 h with one change of buffer. The dialyzed chromatin samples were placed in polypropylene tubes and 0.05 vol. of TMP (4,5',8-trimethylpsoralen from Sigma) stock solution in ethanol (200 ug/ml) was added. Except for the results shown in Fig. 2 photoreaction (with UV light at 366 nm) of soluble chromatin was performed during 4 h. Psoralen was added at the beginning of the reaction and after 80 min and 160 min, as described by Sogo et al. (3) . Nuclei were photoreacted during 6 h. 0.05 vol. of TMP stock solution was added 4 times at equal intervals. DNA extraction, spreading for electron microscopy and gel electrophoresis Nuclei were pelleted. Samples of soluble chromatin were made 300 mM in sodium acetate and precipitated with 0.8 vol. isopropanol. The pellets were dissolved in TE (10 mM Tris-HCl at pH 7.5, 0.5 mM EDTA), containing 0.5 % SDS. Proteinase K (Boehringer; 200 ug/ml) was added and the samples were incubated at 65 C for 2-3 h, with another addition of proteinase after 1 h. After two phenol and one chloroform extractions the DNA was ethanol precipitated and resuspended in TE.
DNA spreading for electron microscopy and DNA length measurements were made as described (3, 6) . Electrophoresis was in 1.5% agarose gels in 50 mM Tris-acetate, 20 mM sodium acetate, 2 mM EDTA (pH 7,8) and 0.5 ug/ml of ethidium bromide. Gels were photographed at 300 nm.
Nuclease treatments of psoralen-crosslinked DNA (Fig. 1 ) Procedure 1: DNA in TE ( 500 ng/ul) was made 1 mM in CaCl 2 and kept on ice. Micrococcal nuclease (Boehringer; 0.5-1 U/ug DNA) was added and the reaction stopped after 5 to 10 min by the addition of EDTA to 5 mM. The extent of digestion was checked by gel electrophoresis. Usually DNA fragments between about 100 bp and several kb were produced. After phenol extraction and ethanol precipitation the DNA was resuspended at about 500 ng/ul in SI buffer (200 mM NaCl, 10 mM ZnSO., 50 mM sodium acetate, pH .4.5) and treated for 40 min at 26°C with SI nuclease (Boehringer; 0.5 U/ug DNA). The reaction was stopped by addition of EDTA to 20 mM. The DNA was ethanol precipitated and resuspended in 67 mM glycine-KOH (pH 9.4), 2.5 mM MgCl-, 50 ug/ml BSA (bovine serum albumine) and treated for 40 min at 37°C with lambda-exonuclease (BRL Bethesda Research Laboratories, 0.2 U/ug DNA). The reaction was stopped with EDTA, the DNA ethanol precipitated and treated again with SI nuclease as described above. After phenol extraction and ethanol precipitation the DNA was analyzed by gel electrophoresis.
Procedure 2: DNA (500 ng/ul) was prewarmed in 50 mM Tris-HCl (pH 8 ) , 5 mM MgCl 2 for 5 min at 37°C and then treated for 50 to 70 sec with DNAse I (Sigma, Grade II; 200 ng/ml). The reaction was stopped by the addition of EDTA to 10 mM. After phenol extraction and ethanol precipitation the DNA was treated with SI nuclease as described in procedure 1. At this step the size of the fragments was checked. Fragments between 100 bp and several kb were used in the experiments described. The DNA was again ethanol precipitated and resuspended in exonuclease III buffer (66 mM Tris-HCl at pH 7.6, 6.6 mM MgCl 2 , 1 mM mercaptoethanol) and incubated for 40 min at 37 C with exonuclease III (Boehringer; 2 U/ug DNA). The reaction was stopped with EDTA, the DNA ethanol precipitated and treated again with SI nuclease as described in procedure 1.
Procedures 1 and 2 were also combined, i.e. micrococcal nuclease was used in combination with exonuclease III; in this case the first SI treatment immediately after micrococcal nuclease digestion was omitted. RESULTS DNA from psoralen-photoreacted chromatin exhibits rows of single-stranded bubbles connected by short double-stranded bridges when examined under denaturing conditions by electron microscopy. The double-stranded bridges correspond to the linker DNA between nucleosomes. DNA on the nucleosome is protected against crosslinking and therefore appears as a single-stranded bubble when spread under denaturing conditions (3, 6) . We developed a nuclease digestion strategy in order to analyze the psoralen-rosslinking pattern by gel electrophoresis. It is based on the observation that the activity of some exonucleases is Ps stands for psoralen, UV for long wave length ultra violet light, m.n. for micrococcal nuclease, SI for SI nuclease, A-exo for lambda-exonuclease and exo III for exonuclease III.
drastically reduced or blocked at sites of psoralen crosslinks in duplex DNA (9).
The assay is outlined in Fig. 1 . DNA which has been photoreacted in chromatin (in soluble chromatin, in purified M 1 2 3 8 9 10 11 12 13 14 nuclei or in vivo, see 2,3,5,6) is purified according to standard procedures. It is then mildly digested with micrococcal nuclease. In the experiment of Fig. 2 soluble, Hl-depleted rat liver chromatin was psoralen-treated to various extents. The extent of crosslinking was estimated by spreading the purified DNA from these samples under denaturing conditions for electron microscopy (see table I ). Limited digestion of this DNA by micrococcal nuclease produced fragments of nucleosomal size and multiples thereof in those samples which were extensively photoreacted with psoralen (lanes 6 and 7 in Fig. 2 ) . When the procedure outlined in Fig. 1 was applied the sharpness of the Table I time of UV irradiation (in minutes) DNA psoralen-crosslinked to various extents in soluble Hidepleted rat liver chromatin. Psoralen was added once and UVirradiation was for 2 to 75 minutes, or twice or 3 times with subsequent irradiation for 75 minutes. After purification, DNA was spread for electron microscopy under denaturing conditions. The sizes of the single-stranded bubbles were estimated on electron micrographs and classified as monomers or multimers of (mono)nucleosomal bubbles. nucleosomal bands was drastically increased (Fig. 2 , compare lanes 2 to 7 with lanes 9 to 14). After the initial limited micrococcal nuclease digestion, the DNA was treated first with SI nuclease in order to remove the short protruding 5'-OH termini produced by micrococcal nuclease (10) . The samples were then digested extensively with lambda-exonuclease and again with Sl-nuclease. As seen in lanes 10 to 14 of Fig. 2 a sharp nucleosomal repeat was seen in all the DNA samples, except in the most weakly crosslinked one (lane 9 in Fig. 2 ) in which the repeat showed only a weak contrast. Comparison to table I suggests that even when less than 50 % of the linkers are crosslinked a repeat is clearly seen with the aid of exonuclease digestion.
In a large number of different experiments the digestion scheme applied in the experiment described in Fig. 2 (lanes 9 to  14) appeared to be the most effective. In alternative procedures DNase I and Sl-nuclease were used instead of micrococcal nuclease (not shown) or exonuclease III was used instead of lambda-exonuclease (see Fig. 3 ) . After using exonuclease III the In parallel to the exonuclease-Sl assay the DNA samples were analyzed in the electron microscope under denaturing conditions and the proportion of single-strandedness was determined (B).
nucleosomal bands produced appeared to be slightly less sharp than after lambda-exonuclease.
In the experiment of Fig. 3 the psoralen-crosslinking of Hl-depleted chromatin was performed at increasing ionic strength at pH 7 and at pH 10. As reference the nucleosomal repeat of a micrococcal nuclease digest of nuclei is shown (lane N ) . The repeat produced by micrococcal nuclease is similar to that revealed by psoralen-crosslinking and exonuclease digestion. The p^oralen fragments are slightly bigger (reduced electrophoretic mobility) compared to those produced by micrococcal nuclease. Fig. 3a also demonstrates that the psoralen-revealed repeat is independent of the ionic strength tested and of the pH between 7 and 10, except for pH 10 and low salt ("0 mM" buffer) where a smear is seen. In parallel to the exonuclease-Sl assay the samples were spread for electron microscopy under denaturing conditions and the proportion of single-stranded bubbles (i.e. nucleosomal DNA) in a given contour length was determined (see 6) ( Fig. 3b) . For the same ionic strength the values are the same for pH 7 and pH 10 (als.o for pH's 8 and 9, not shown) and they have a slight tendency to decrease with decreasing ionic strength. Our previous data on SV40-minichromosomes (5,6) together with the gel electrophoretic analysis presented here clearly indicate a periodic psoralen crosslinking pattern which is most likely due to the nucleosomal organization of chromatin. However, at low salt (in "0 mM") and pH 10, where gel electrophoresis reveals a smear, the electron microscopy shows less than 20 % single-strandedness. This observation is in perfect agreement with Conconi et al. (2) , who had shown that in contrast to Hl-containing chromatin, psoralen-crosslinking of Hl-depleted chromatin at pH 10 and very low ionic strength leads to a fairly continuous crosslinking of the DNA, despite the fact that no histone dissociation takes place (as also verified in the samples of Fig. 3 , not shown). The most plausible explanation of this observation is that under these conditions nucleosomes get unravelled to a certain extent, as has been shown for pH 9 (11) , and by this their DNA becomes accessible for psoralen-crosslinking leading to the loss of the repeat pattern.
DISCUSSION
We show that with a combination of exonuclease and Sl-nuclease DNA fragments of nucleosomal and polynucleosomal size can be produced with DNA which had been crosslinked in soluble chromatin or in intact nuclei (not shown). When these psoralencrosslinked DNA samples were spread for electron microscopy under denaturing conditions instead of exonuclease-Sl digestion, then they showed the well known appearance consisting of single-stranded bubbles with a size corresponding to that of nucleosomal DNA (not shown, but see 2, 6) . The quantitative analysis of the proportion of DNA in these bubbles (Fig. 3) shows that the average bubble size decreases slightly when the crosslinking is done at decreasing ionic strength ("100 mM" buffer to "0 mM" buffer at pH 7, or "100 mM" buffer to "10 mM" buffer at pH 10, see Fig. 3 ) . When the psoralen crosslinking in these HI-depleted soluble chromatin samples is done at pH 10 and very low ionic strength ("0 mM" buffer), then the DNA is fa'irly continuously crosslinked as seen by electron microscopy although the core histones remain bound in stoichiometric amounts (2) (Fig. 3 ) . Gel electrophoresis after exonuclease-Sl digestion of these samples predominantly shows a smear (Fig. 3 ) . Thus, presence and absence of the bubble pattern seen by electron microscopy correlates with presence and absence of a nucleosomal ladder seen by gel electrophoresis and this suggests that the exonucleases tested stop at sites of psoralen crosslinks. In agreement with Conconi et al. (2) when the psoralencrosslinking at pH 10 and in "0 mM" was done in Hl-containing chromatin (not shown), electron microsocopy of the extracted DNA showed bubbles. Gel electrophoresis of these samples showed the nucleosomal ladder (not shown).
Thus our data confirm the conclusion of Conconi et al. (2) that psoralen-crosslinking of chromatin at pH 10 and low ionic strength allows indirectly to distinguish between Hl-containing and Hl-free chromatin. In the experiments described in this paper we have optimized the salt conditions to see best the difference between Hl-containing and Hl-free chromatin and found it to be 5 mM diethanolamine chloride (pH 10) and 0.2 mM EDTA (not shown).
It is interesting to note that digestion of extensively psoralen-crosslinked DNA with micrococcal nuclease alone, i.e. without subsequent exonuclease-Sl digestion, also produced fragments of nucleosomal and polynucleosomal size (Fig. 2, lanes 6 and 7 ) . This suggests that micrococcal nuclease preferentially cleaves at sites of crosslinks. (We have confirmed this conclusion (not shown) by digesting in parallel DNA samples which had been psoralen-treated to various extents and which showed increasing sensitivity to micrococcal nuclease with increasing extent of crosslinking). The increased sensitivity of crosslinked regions to micrococcal nuclease is assumed to be due to structural changes induced in DNA by the crosslinking. Stretching and unwinding of DNA by psoralens have been found previously (12) and kinks have been described (13) . Moreover, (TA)n sequences which are preferentially crosslinked by psoralens (9, 14) are also sequences which are preferentially cleaved by micrococcal nuclease (15,16).
As seen in Fig. 3 the repeat fragments produced with the psoralen technique are slightly bigger than those produced by micrococcal nuclease digestion. Our interpretation of this is that the linker DNA persists in the case of the psoralen assay whereas it is degraded in the case of micrococcal nuclease. Heavily psoralen-crosslinked DNA fragments have a lower electrophoretic mobility than the not-crosslinked controls (3) . This difference however is not seen when the electrophoresis buffer contains ethidium bromide. Since ethidium bromide is known to unwind DNA by intercalation (17) , the structural changes induced by psoralen-crosslinking may be similar. Because the gels shown in this work are run in the presence of ethidium bromide the observed retardation of the nucleosomal bands produced by the psoralen-exonuclease-Sl-assay (see Fig. 3 ) is unlikely to be due to structural changes induced by psoralen intercalation.
The exonuclease-Sl assay to analyze the pattern of psoralen crosslinks in DNA is an additional indirect method to study chromatin structure. It has the advantage over the traditional nuclease assays in that the psoralen crosslinking can be performed in vivo (6) as well as at pH 7 to 10 and at NaCl-concentrations between 0 and up to 2 M (Fig. 3 and references 3 and 4 for up to 2 M NaCl). Blotting techniques with hybridization (3, 4) will in addition allow the use of this assay for specific DNA sequences.
